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Macrophages are long-lived target cells for HIV 
infection and are considered viral reservoirs. 
HIV assembly in macrophages occurs in virus- 
containing compartments (VCCs) in which virions accu- 
mulate and are stored. The regulation of the trafficking 
and release of these VCCs remains unknown. Using high 
resolution light and electron microscopy of H IV- 1 -infected 
primary human macrophages, we show that the spatial 
distribution of VCCs depended on the microtubule network 
and that VCC-limiting membrane was closely associated 



with KIF3A+ microtubules. Silencing KIF3A strongly de- 
creased virus release from H IV- 1 -infected macrophages, 
leading to VCC accumulation intracellularly. Time-lapse 
microscopy further suggested that VCCs and associated 
KIF3A move together along microtubules. Importantly, 
KIF3A does not play a role in HIV release from T cells that 
do not possess VCCs. These results reveal that HIV- 1 re- 
quires the molecular motor KIF3 to complete its cycle in 
primary macrophages. Targeting this step may lead to 
novel strategies to eliminate this viral reservoir. 



Introduction 

HIV-l infects two main cellular targets: CD4+ T lymphocytes 
and macrophages, which can both contribute to the formation 
of reservoirs (Centlivre et al., 2011). In contrast to T cells, 
which usually die rapidly upon infection, HIV-l-infected macro- 
phages survive for weeks or months both in vitro and in vivo. 
Newly formed virions accumulate intracellularly and remain 
infectious for extended periods of time (Sharova et al., 2005). 
HIV-l-infected macrophages are therefore considered as one 
of the main viral reservoirs. Whether they could fuel relapse 
after the arrest of highly active anti-retroviral therapy remains 
to be established (Igarashi et al., 2001 ; Zhu et al., 2002; Alexaki 
et al., 2008; Centlivre et al., 2011). 

In T lymphocytes, assembly, budding, and fission of HIV 
take place at the plasma membrane. In contrast, in infected 
macrophages, profiles of viral budding are observed at the limit- 
ing membrane of intracellular virus-containing compartments 
(VCCs; Gendelman et al., 1988; Orenstein et al., 1988), indicat- 
ing that they represent sites of viral assembly (Orenstein et al., 
1988; Raposo et al., 2002; Pelchen-Matthews et al., 2003; 
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louve et al., 2007). The origin of these internal VCCs is not yet 
clear, but it is proposed that they represent specialized domains 
of the plasma membrane sequestered intracellularly (Jouvenet 
et al., 2006; Deneka et al., 2007; Welsch et al., 2007). 

Gag, the viral component that orchestrates viral assembly, 
is synthesized in the cytosol as a Pr55Gag precursor. When the 
viral particles are formed, the viral protease gets activated and 
cleaves the precursor into essentially four polypeptides, the ma- 
trix (MA), the capsid (CA or p24), the nucleocapsid (NC), and 
the late domain (p6). Studies suggest that Pr55Gag coordinates 
the recruitment of different host and viral proteins necessary for 
its transport to the assembly site and for the formation of new 
viral particles (Marsh et al., 2009). In T cells, the microtubule 
cytoskeleton appears to be involved in virus cell-to-cell transfer 
but not in viral particle release from T cells to the extracellular 
medium (lolly et al., 2007). However, this conclusion relies on 
drug treatments and the molecular mechanisms involved remain 
to be identified. The contribution of microtubules to viral repli- 
cation in macrophages remains unknown. 
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Figure 1 . The distribution of VCCs is dependent on the integrity of the microtubule network. (A) Ultrathin cryosections of macrophages infected with 
HIV- 1 NLAD8 for 1 5 d were prepared and labeled with anti-Env antibodies and protein A coupled to gold particles of 1 0-nm diameter (PAG1 0) and with 
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Microtubules are part of the cytoskeleton and provide 
structural support for the cytosolic transport of small protein 
complexes as well as vesicles and organelles. Kinesins and dy- 
neins are families of molecular motors that literally walk on 
microtubules. Most members of the large kinesin family trans- 
port their cargo from the microtubule-organizing center located 
near the nucleus toward the plus (+) end of microtubules at the 
periphery (Hirokawa et al., 2009). 

Most of the current knowledge on HIV cell biology 
comes from well-established, reliable, and easy-to-manipulate 
cell systems. In contrast, cell biology studies performed on 
primary human macrophages infected by HIV remain scarce. 
The development of advanced microscopy techniques and 
new cell biology technologies allowed us to perform the 
present study under more physiological although still chal- 
lenging conditions. 

In this study, we investigated the role of the microtubule 
network in the transport of the VCC and the release of the virus 
from HIV-l-infected primary human macrophages. We report 
that the kinesin KIF3A drives the intracellular transport of 
VCCs along microtubules allowing viral release. The role of 
KIF3A is restricted to VCC transport in macrophages, as KIF3A 
depletion does not modify the production of HIV-1 by T cells 
that do not form VCCs. Thus, KIF3A plays a pivotal role in the 
HIV-1 cycle in primary human macrophages. 

Results 

Microtubule -dependent distribution 
of VCCs 

We first studied the role of the microtubule cytoskeleton in the 
intracellular transport and spatial organization of the VCCs. 
Analysis of HIV-l-infected macrophages by immunoelectron 
microscopy (immuno-EM) revealed VCCs with viral budding 
profiles typical of viral assembly at their limiting membrane 
(Fig. 1 A, arrowheads). Examination by confocal microscopy 
of HIV-l-infected macrophages revealed that large Gag+ 
compartments were present and frequently scattered in the 
central area of the cells (Fig. 1, B and C; and Video 1). Of 
note, the spatial distribution of these compartments was rather 
heterogeneous among the infected cells. Treatment of HIV-l- 
infected macrophages with nocodazole for 1 h disrupted most 
of the microtubule network concentrating all Gag-I- compart- 
ments in the perinuclear area (Fig. 1 C). Time-lapse imaging 
also allowed visualization of the nocodazole-induced cen- 
tripetal movement of the VCCs within a given macrophage 
(Fig. SI A). Quantification of the effect of the nocodazole 
treatment on the spatial distribution of the Gag+ compart- 
ments by automated image analysis (see details in Fig. SIB) 
fully confirmed this observation. Upon nocodazole washout, 



we observed that within 15 min the Gag+ compartments once 
again became spatially dispersed (Fig. SI C), supporting the 
idea that the positioning of Gag-I- compartments requires an 
intact microtubule network. 

At the ultrastructural level, microtubules showing specific 
a-tubulin staining were present in the vicinity of compartments 
containing Gag-I- particles but were mostly absent from the viral 
particles (Fig. 1 D). Strikingly, 85% of the VCCs had at least 
one detectable microtubule at less than 100 nm from their limit- 
ing membrane (Fig. 1 D, arrowheads; n = 32). The mean num- 
ber of microtubules associated per compartment was 3 ± 2. 
Taken together, these results suggested that VCCs were closely 
surrounded by microtubules that play a critical role in their spa- 
tial distribution. 

HIV release by macrophages is dependent 
on the kinesin KIF3A 

Cargo transport along microtubules often involves kinesins, 
making them ideal candidate proteins to be involved in VCC 
movement. Two genome-wide RNAi screens have identified two 
kinesin chains, KIF3A and KIF3C, as host proteins involved in 
the HIV-1 cycle in cell lines (Brass et al., 2008; Zhou et al., 
2008). In the kinesin-2 family, KIF3A can form heterodimers 
with KIF3C or KIF3B, whereas KIF3B and KIF3C cannot asso- 
ciate (Muresan et al., 1998; Hirokawa, 2000). In addition, our 
screening by RNAi of the human kinesins potentially involved in 
the HIV-1 cycle in primary macrophages also identified KIF3A 
(unpublished data). 

We therefore focused on the potential role of KIF3A on 
HIV-1 secretion by macrophages. Transfection of two differ- 
ent siRNA specific for KIF3A was performed in primary in- 
fected macrophages following the timeline presented in Fig. 2 A. 
SiRNA specific for lucif erase and TsglOl were included as 
negative and positive controls, respectively. TsglOl is a mem- 
ber of the endosomal sorting complex required for transport 
(ESCRT) that is recruited together with Alix by the p6 late 
domain of Gag to allow HIV-1 budding and fission (Garrus 
et al., 2001; Strack et al., 2003). Efficiency of KIF3A deple- 
tions ranged from 55 to 95% as determined by immunoblot 
analysis (Fig. 2 B). Cell viability and percentage of infected 
macrophages were similar in the different cell populations 
upon viral infection and siRNA transfection (Fig. 2, C and D). 
The effects of KIF3A depletion were tested in the HeLa- 
derived TZM-bl cell line that reports on early viral protein ex- 
pression (tat), as it carries a tat-sensitive promoter driving the 
expression of p-galactosidase, which activity reflects the rate 
of infection. We thus silenced KIF3A expression in TZM-bl 
before infection with HIV-1. p-Galactosidase activity remained 
similar, suggesting that viral entry and early steps of infection 
were not affected by KIF3A silencing (Fig. 2 E). We also used 



anti-Pr55Gag antibodies and PAG15. Arrowheads point to viral particles in the process of budding. Bar, 200 nm. (B) 3D reconstruction of macrophages 
infected with HIV-1 NLAD8 for 7 d and stained for Gag (see Video 1). (C) Confocal micrographs (one plane) of HIV-l-infected macrophages exposed to 
DMSO or nocodazole (10 pM) for 1 h. Cells were fixed and stained with antibodies specific for the indicated proteins. Bar, 5 urn. These experiments have 
been repeated three times. (D) Ultrathin cryosections of macrophages infected with HIV-1 NLAD8 for 15 d were double-immunogold labeled for Pr55Gag 
with PAG15 and for a-tubulin with PAG10. Three representative profiles are presented. Tubulin staining was present at the limiting membrane of VCCs 
(see arrowheads). Bars, 200 nm. 
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Figure 2. KIF3A is required for viral production by macrophages. (A) Schematic representation of the experimental design. (B) Immunoblot analysis of 
KIF3A and TsglOl expression in macrophages transfected with the indicated siRNA. After 4 d, both siRNA specific for KIF3A significantly reduced its 
level of expression in primary macrophages. (C] Macrophages were infected by HIV-1 and transfected with siRNA as described in A. Cell viability was 
measured at d 4 p.i. using the CellTiter Glo kit and normalized to the control (siLuc). (D) Primary macrophages were infected with HIV Gag-iGFP AEnv 
pseudotyped with VSV-G and transfected with siRNA as described in A. This virus has a single cycle in macrophages and does not induce syncitia forma- 
tion. Percentages of GFP+ macrophages were estimated by flow cytometry at d 4 p.i. (E) Infectivity of the virions produced by the macrophages subjected 
to the indicated siRNA was evaluated using the same amount of p24 (2 ng; see Materials and methods). (F) KIF3A depletion does not affect the early 
steps of infection. The reporter cell line TZM-bl was transfected with the indicated siRNA. 2 d later, cells were infected with HIV-1 . Cells were washed 8 h 
later, reincubated for an additional 16 h, and assayed for (3-gal activity, whose expression is driven by a Tat-sensitive promoter. (G) Dosage of p24 Gag 
in the 24-h culture supernatants harvested as indicated in A. *** indicates that the difference between the two histogram bars is statistically significant 
(P < 0.001 ). Experiments from D-F have been repeated at least two times and from B, C, and G at least three times in quadruplicate. 



TZM-bl to test the infectious capacity of the viral particles 
produced by the KIF3A-depleted macrophages. For this pur- 
pose, similar amounts of viral particles (normalized by p24 
content) produced by macrophages depleted or not of KIF3A 
were used to infect TZM-bl. The absence of significant differ- 
ence in p-galactosidase activity (Fig. 2 F) suggested that viral 
particles still produced by KIF3A-depleted macrophages had 
no alteration in their infective capacity. Interestingly, KIF3A 
depletion by RNAi in HIV-1-infected macrophages led to a 
strong reduction (up to 75%) of the amount of p24 secreted in 
the supernatant, which reflects the secretion of viral particles 
(Fig. 2 G). The extent of the inhibition was similar to that ob- 
tained when the ESCRT protein TsglOl, which is crucial for 
viral budding (Garrus et al., 2001), was knocked down. We 
conclude that silencing of KIF3A inhibits the release of HIV-1 
particles by infected macrophages. 



The role of KIF3A in HIV-1 release is cell 
type specific 

To determine whether the effect of KIF3A in the HIV-l cycle 
was specific to macrophages, the role of KJF3A was assessed in 
the Jurkat T cell line. To achieve efficient silencing in these 
cells, we used shRNA delivered by lentiviral vectors (Fig. 3, 
A and B). KIF3A depletion had no impact on p24 release by 
Jurkat cells, whereas TsglOl depletion led to an efficient reduc- 
tion (80%) of p24 release (Fig. 3 C). In addition, staining of 
HIV-l -infected Jurkat T cells (not depicted) and primary CD4+ 
T cells (Fig. 3 D) revealed that Gag and KIF3A had completely 
different intracellular distributions. Furthermore, ultrastruc- 
tural analysis of HIV-l -infected Jurkat T cells confirmed that viral 
assembly only takes place at the plasma membrane where zones 
of intense budding can be seen (Fig. 3 E). These results indicate 
that KIF3A does not play a role in the HIV-l cycle in T cells, 



47D JCB • VOLUME 1 SS • NUMBER 3 • 2D1 S 



A 



shRNA Puromyoin 
Lentivirus selection 

I 1 



HIV 

infection Washes 
1 1 >. Analysis 



Oh 



24h 



120h 128h 148h 



B 



MW 
(kD) 

80 — 
50 — 



4? 



4 



KIF3A 



aTubulin 



D Gag KIF3A Overlay 







tm 


jj 








Gag 10 









Figure 3. KIF3A is dispensable for HIV-1 production by infected T cells. (A) Schematic representation of the experimental design. (B) Immunoblot analysis 
of KIF3A and a-tubulin expression in Jurkat T cells expressing the indicated shRNA. After 3 d, all shRNA specific for KIF3A reduced its level of expression 
down to less than 20% in Jurkat T cells. (C) Dosage of p24 Gag in 20-h culture supernatants of NL4-3 AEnv-infected Jurkat T cells harvested as indicated 
in A. Values presented have been corrected to the number of HIV-infected cells present in each sample, as calculated using CellTiter Glo (for cell viability) 
and anti-Gag staining analyzed by flow cytometry (for percentage of infection). (D) Confocal micrographs of primary T cells infected with VSV-G-pseudo- 
typed HIV-1 NL4-3 for 24 h and stained for the indicated markers. Note that Gag distribution is highly polarized at the plasma membrane, whereas KIF3A 
distribution is totally different. Bars, 5 urn. (E) Ultrathin cryosection of Jurkat T cells infected with HIV-1 NL4-3 and immunogold labeled for Pr55Gag with 
PAG10. Bar, 200 nm. 



suggesting that KIF3A is required when viral assembly takes 
place in internal compartments but is dispensable when it occurs 
at the plasma membrane. 

The kinesin KIF3A associates with 
microtubules at the limiting 
membrane of VCCs 

Focusing on KIF3A intracellular distribution in HIV-infected 
macrophages, and using the tetraspanin CD81 that is considered 
as a specific VCC marker (Deneka et al., 2007), we observed 
that KIF3A was associated with CD81+Gag+VCCs (Fig. S2 A). 
In contrast, the distribution of KIF15, a plus end-directed 
kinesin- 12 member, appeared completely different from that of 
Gag (Fig. S2 B). 

We also observed that while Gag-I- compartments were 
heterogeneous in size and often rather large (up to several urn 
in diameter), KIF3A staining tended to localize to one or sev- 
eral restricted zones at the periphery of the Gag-I- compart- 
ments together with tubulin (Fig. 4 A). 3D reconstructions 
from confocal images further showed association of patches of 
KIF3A staining with the edge of Gag-I- compartments (Fig. S3 A). 
The Gag+KIF3A+ compartments were also positive for Env 
(Fig. S3 B), suggesting that they contained viral particles, and 
thus were bona fide VCCs. 

Similar samples were examined by structured illumina- 
tion microscopy (SIM), which provides a higher resolution 
(Schermelleh et al., 2010). 3D reconstructions from SIM images 



showed that KIF3A was localized along the VCC and further 
suggested that KIF3A was aligned on longitudinal structures 
that, in all likelihood, were microtubules (Fig. 4, B and C). 
Finally, immuno-EM unambiguously established that com- 
partments containing viral particles had, at their limiting mem- 
brane, microtubules that stained positive for KIF3A (Fig. 4 D). 
Nocodazole exposure of HIV-1 -infected macrophages led 
to the redistribution of Gag+ compartments together with 
KIF3A toward one pole of the nucleus (Fig. S3 C). Washout of 
nocodazole allowed regrowth of microtubules and spreading 
of the Gag+KIF3A+ compartments (not depicted). Thus, analy- 
sis of HIV-l-infected macrophages by confocal microscopy, 
SIM, and immuno-EM all indicated that KIF3A is associated 
with microtubules that are in contact with the limiting mem- 
brane of the VCC. 

KIF3A silencing leads to intracellular 
accumulation of VCCs 

We reasoned that if KIF3A knockdown prevents transport 
of VCC and thus release of the virions contained therein, 
then VCCs should accumulate intracellularly. Thus, we com- 
pared HIV-l-infected macrophages from eight different 
donors treated with siRNA specific for KIF3A or for luciferase 
(control) and stained for Gag by immunofluorescence. Large 
sets of images were collected for both cell populations by 
confocal microscopy. 3D reconstruction of Gag-I- compartments 
(Fig. 5 A), image segmentation, and quantification allowed 
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Figure 4. The VCCs are associated with tubulin and the kinesin KIF3A. (A) Confocal micrographs of HIV-1 -infected macrophages. Cells were fixed and 
stained with antibodies specific for the indicated proteins. A z-projection of a stack of images is presented on the top row, and the bottom row shows one 
confocal plane of the magnification of the boxed area. Bar, 1 0 urn. (B) Structured illumination microscopy of HIV-1 -infected macrophages stained for p24 
and KIF3A. (C) 3D reconstruction with half opacity of the region boxed in B. Bar, 3 urn. (D) Immuno-EM of ultrathin cryosection of macrophages infected 
with HIV-1 NLAD8 for 7 d labeled for the indicated proteins. Arrowheads point to KIF3A staining associated with a-tubulin at the limiting membrane of a 
VCC. Bar, 500 nm. Experiments have been repeated at least twice. 
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Figure 5. KIF3A depletion results in intracel- 
lular accumulation of VCCs. (A) Examples of 
3D reconstructions obtained after thresholding 
of image stacks acquired by confocal micros- 
copy of HIV- 1 -infected macrophages trans- 
fected with the indicated siRNA and stained 
for Gag. (B-E) Effects of KIF3A depletion on 
the indicated parameters within HIV-l-infected 
macrophages. Reconstructions as seen in A 
were segmented and quantified using Imaris 
software. KIF3A knockdown was estimated 
in parallel by immunoblot in the eight donors 
used for these experiments. The average effi- 
ciency of silencing was 72.9%, ranging from 
55 to 95%. n.s., not statistically significant. 
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the extraction of multiple parameters related to these com- 
partments. The average volume of Gag+ compartments per 
cell as well as the sum of Gag intensity in VCC per cell were 
significantly increased upon KIF3A depletion (Fig. 5, B and C). 
Similarly, the ratio of the volume of Gag+ compartment/ 
cytosolic volume per cell also increased in KIF3A knock- 
down cells (not depicted). In contrast, Gag mean intensity 
within individual VCCs remained the same (Fig. 5 D), sug- 
gesting that the density of Gag was similar and thus that the 
viral assembly process itself was not affected by the deple- 
tion. Finally, the cell area (not depicted) and the total cell vol- 
ume (Fig. 5 E) were not statistically different between both 
cell populations. 

We also noticed that the secretion of MIP-ip, also 
known as CCL4, which is produced by macrophages upon 
HIV-1 infection (Fig. S4 A), was not affected by KIF3A deple- 
tion (Fig. S4 B). Because MIP-ip possesses a signal peptide 
and thus probably follows the classical secretory pathway, these 
results indicate that KIF3A depletion does not affect signal 
peptide-dependent secretion. We conclude that in the absence 
of KIF3A, VCCs accumulate intracellularly, explaining the 
observed reduction of p24 release. 



Dynamics of KIF3A and VCC transport in 
live macrophages 

To analyze the dynamics of VCCs and KIF3A in live macro- 
phages, we used two fusion proteins to simultaneously follow 
Gag and KIF3A. First, we derived HIV Gag-iGFP, a replica- 
tion-competent and macrophage-tropic version of an inter- 
nally GFP-tagged HIV-1 (Hiibner et al., 2007). It has been 
shown that HIV Gag-iGFP shares essential features with wild- 
type HIV-1 and is suitable for kinetic studies in macrophages 
(Koppensteiner et al., 2012). Second, we generated a construct 
in which the fluorescent protein mCherry was inserted be- 
tween the stalk and the cargo domains of KIF3A, flanked by 
two spacers to provide flexibility (Fig. 6 A). Of note, kinesins 
are often tagged by replacing their cargo domain by XFPs (Cai 
et al., 2009), but this could have prevented KIF3A to associate 
with VCCs. Our KIF3A-internal mCherry construct (KIF3A-iCh) 
was correctly expressed as seen by immunoblot and immuno- 
fluorescence in 293T cells (Fig. S5, A and B). Moreover, 
KIF3A-iCh, but not KIF15, was coimmunoprecipitated together 
with KIF3B-GFP using GFP-TRAP beads on cell lysates of 
HeLa cells expressing both fusion proteins, i.e., KIF3B-GFP 
and KIF3A-iCh (Fig. S5 C). In contrast, no KIF3A protein was 
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Figure 6. KIF3A-iCh is recruited to active VCCs. (A) Schematic representation of the KIF3A-iCh construct. (B and C) Correlative light and electron micros- 
copy. (B) Primary macrophages grown on coverslips with coordinates were coinfected with HIV- 1 Gag-iGFP and KIF3A-iCherry lentiviral vector, fixed, and 
imaged by spinning disk microscopy at d 7 p.i. Bar, 5 pm. (C) The same coverslips were then embedded in Epon and processed for EM. An overview of 
the macrophage imaged in B is presented in the top left inset. Example of mature and immature virions are presented in the bottom left inset. Bar, 1 00 nm. 
The VCCs are in the top third of the cell. (D) Two magnifications of the VCC-rich region, with a viral budding profile shown in the inset (bar, 200 nm). 



detected in GFP immunoprecipitates from HeLa cells ex- 
pressing GFP and KIF3A-iCh. Therefore, our data suggest that 
insertion of Cherry into KIF3A does not affect its capacity to 
associate with its known partners like KIF3B. In noninfected 
cells, the KIF3A-iCh fusion protein was observed to move 
along microtubules that we identified by coexpression of 
EGFP-a-tubulin (Fig. S5 D). From the analysis of time-lapse 
recording by spinning disk microscopy (Video 2), we estimated 
the average speed of KIF3A-iCh+ structures at 0.59 um/s ± 0.65 
(n = 643), and the average length of displacement at 5.3 um ± 4.6, 



as expected for kinesin-2 movements (Loubery et al., 2008; 
Cai et al., 2009). 

To establish whether KIF3A-iCh associated with VCCs 
like the wild-type protein, we performed correlative light and 
electron microscopy. Primary macrophages were coinfected 
with HIV Gag-iGFP virus and KIF3A-iCh lentiviral vector. 
After 7 d of infection, macrophages were fixed on coverslips 
containing etched grids with coordinates and imaged by spin- 
ning disk microscopy. Co-expression of both fluorescent pro- 
teins was visualized in large intracellular compartments (Fig. 6 B). 
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Samples were imbedded and sectioned for electron microscopy 
(EM). The coordinates of the cell on the grid allowed us to find 
the very same cell previously observed by fluorescence micros- 
copy and perform correlative EM. As seen in Figs. 6 (B and C) 
and S5 E, the same features were observed both in photonic 
and electron microscopy, confirming that the very same cell 
was analyzed. At low magnification, EM revealed the position 
of the VCCs within the cell (Fig. 6 C). At high magnification, 
we observed that compartments corresponding to Gag-iGFP+ 
KIF3A-iCh+ contained numerous viral particles (Fig. 6, C and D). 
These compartments were active in HIV assembly, as budding 
profiles were visible at their limiting membrane (Fig. 6 D, bottom, 
inset). Both immature (electron dense at the periphery and elec- 
tron lucent at the core) and mature (electron dense at the core) 
viral particles were present in VCCs (Fig. 6 C, inset). These re- 
sults establish that the Gag-iGFP+ KIF3A-iCh+ compartments, 
observed in infected macrophages, are indeed VCCs where 
assembly and storage of viral particles take place. 

Time-lapse spinning-disk microscopy was finally per- 
formed on primary macrophages coinfected with HIV Gag-iGFP 
AEnv virus and KIF3A-iCh lentiviral vector for 5 d. Observa- 
tion of a z-projection at the beginning of the video revealed that 
KIF3A-iCh was associated in a polarized manner with the pe- 
riphery of Gag-iGFP+ compartments (Fig. 7), in agreement 
with our observations regarding endogenous KJF3A distribu- 
tion in HIV-l-infected macrophages (Fig. 4). The 5D movies 
revealed that both fluorescent proteins remained associated 
over time and moved together in a directional manner (Fig. 7, 
A and B; see tracking and Videos 3 and 4). Thus, our results 
indicate that VCCs might be transported by KJF3A toward the 
periphery of macrophages, suggesting that KIF3A is required 
for their release into the extracellular milieu. 

Discussion 

In this study, we show the involvement of the microtubule net- 
work and the requirement for a processive motor, the kinesin 
KIF3A, for the late phases of the HIV-1 cycle in primary mac- 
rophages. Such motors of the kinesin-2 family drive their cargo, 
such as organelles, vesicles, or proteins from the microtubule- 
organizing center near the nucleus toward the cell periphery 
(Hirokawa et al., 2009). We observed that nocodazole exposure 
leads to the redistribution of the VCCs toward the nucleus. This 
may suggest that VCCs are exposed to opposite forces probably 
involving multiple molecular motors. A similar phenotype was 
reported about MIIC compartments from dendritic cells that 
collapse and merge upon nocodazole exposure (Vyas et al., 
2007). Of note, members of the kinesin-2 family have been re- 
ported to stabilize microtubules and to have a shorter run length 
than kinesin- 1 motors, suggesting that kinesin-2 motors may be 
well suited for bidirectional mobility (Verhey et al., 2011). 

KIF3A has been reported to be involved in different 
cellular processes, such as intraflagellar transport within the 
primary cilia and the flagella (Scholey, 2008; Verhey and 
Hammond, 2009), axonal elongation and nodal flow (Hirokawa, 
2000), and transport of late endosomes (Bananis et al., 2004; 
Brown et al., 2005; Loubery et al., 2008). Within the kinesin-2 



family, KIF3A is central as it can form heterodimers with 
KIF3B or KIF3C. In contrast, KIF3B or KIF3C cannot asso- 
ciate with each other due to the presence of similarly charged 
residues on both chains, which can associate with opposite 
charged residues present on KIF3A (Muresan et al., 1998; 
Chana et al., 2002; Chana et al., 2005). In addition, KAP3 
(KIF-associated protein 3, also known as KIFAP3) is a large 
nonmotor protein that binds to the tail of KIF3 heterodimers. 
This protein containing many Armadillo repeats has been pro- 
posed to stabilize the association of the kinesin heterodimer 
(Doodhi et al., 2009) and to make the link between motor 
and cargo. Although expression of KIF3A and B is ubiqui- 
tous, to date KIF3C expression has been shown in neuronal 
and epithelial cells (Muresan et al., 1998). We have detected 
KIF3C expression in infected macrophages (unpublished data). 
However, the exact composition of the heterotrimeric KIF3 
complex that is involved in VCC transport in HIV-l-infected 
macrophages remains to be determined. 

Analysis of KIF3A distribution by immunofluorescence 
revealed some cytosolic staining, but concentration of KIF3 A at 
the limiting membrane of VCCs or other organelles clearly 
occurs in HIV-l-infected macrophages (see Figs. 4, 6, 7, S2, 
and S3). In their extensive study, Muresan et al. (1998) estab- 
lished that KJF3C labeling in cells permeabilized with saponin 
before fixation revealed fine punctuated structures in neuronal 
cells. This labeling was sensitive to extraction with Triton X-100, 
suggesting that these structures may represent cargo vesicles. 

KIF3A was previously shown to be required for virus-like 
particle release by HeLa cells expressing Gag-GFP (Azevedo 
et al., 2009) and to be involved in the transport of a viral protein 
from Kaposi's sarcoma-associated herpes virus, named ORF45 
(Sathish et al., 2009). In contrast, we show that KIF3A was 
dispensable for HIV-1 production by Jurkat T cells. Therefore, 
KIF3A appears as the first cellular protein specifically required 
in macrophages for HIV-1 late phase. It is tempting to link this 
result to the location of viral assembly: KIF3A might be re- 
quired when viral assembly takes place in intracellular compart- 
ments, like in macrophages, and might be dispensable when it 
occurs at the plasma membrane, like in T cells. This hypothesis 
is supported by our proposed role for KIF3A driving the motion 
of the VCC toward the cell periphery. However, we cannot rule 
out that KIF3A can also play a role in T cells, but that its deple- 
tion is compensated by the activity of other kinesin(s). Our data 
further suggest that other cellular proteins than KIF3 A might be 
involved in a macrophage-specific manner for the delivery of 
intracellular HIV- 1 particles to the extracellular medium. 

In the present study, we generated an internally tagged 
version of KIF3A for time-lapse microscopy. In contrast to most 
current fusions in which the cargo-binding domain is replaced 
by a fluorescent protein, in our construct, the fluorophore is in- 
serted between two functional domains of the kinesin motor, 
flanked by flexible spacers. Appropriate insertion and spacing is 
crucial for proper folding and thus functioning of the protein. 
The KIF3A-iCherry fusion protein presents, like the endoge- 
nous protein, both diffused and punctuated patterns when trans- 
duced in macrophages (Fig. 6 B). Our approach represents a 
general strategy to efficiently tag such motors. 
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Figure 7. Dynamics of internally tagged forms of KIF3A and Gag in primary macrophages. General view of a macrophage coinfected with HIV-1 Gag- 
iGFP AEnv and KIF3A-iCherry lentiviral vector and cultured for 5 d. The cell was imaged for 5 h by spinning disc microscopy. (A) Z-projection of the overlaid 
transmission, GFP and mCherry fluorescent intensifies at time 0 (left, bar, 5 urn). The red square region is magnified for GFP and mCherry channels and 
the overlay of the two (panels 2-4; bar, 2 urn). Time 0, 1,2, and 3 h 40 of a 3D reconstruction of the boxed area are presented with the tracking of the 
VCCs visible on the 3 h 40 panel (see Videos 3 and 4). Bar, 2 urn. 



The 5D microscopy movies recorded on primary macro- 
phages are striking, as they suggest that KIF3A is at the edge of 
VCCs during their motion. The term 5D microscopy (Roux 
et al., 2004) refers to three-dimensional fluorescence (3D) time- 
lapse (4D) imaging together with multispectral acquisition (5D). 
Given the way VCCs appear surrounded by microtubules and 
their relatively large size (micron range), cooperation between 
KIF3A and possibly other molecular motors at the limiting 



membrane of a given VCC probably aids its motion on micro- 
tubule filaments. Of note, different steps of the VCC life cycle 
may require different kinesins. 

Our results are compatible with a model wherein the KIF3 A 
complex drives VCCs toward the plasma membrane and may 
aid in the last step of the process, i.e., the release of virions into 
the extracellular space or to neighboring cells across virological 
synapses. Identification of KIF3A as a major player in the HIV 
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cycle in primary macrophages opens new possibilities to specifi- 
cally target this type of viral reservoir. The accumulation of 
intracellular stocks of infectious viral particles by macrophages 
represents a constant threat of potential escape from the control 
maintained by the immune system or by antiviral treatments. 
Targeting KJF3A activity may provide a new strategy for thera- 
peutic intervention to be combined with existing therapies. 

Materials and methods 

Plasmids, antibodies, and reagents 

The HIV Gag-iGFP T-tropic envelope construct was a gift from B. Chen 
(Mount Sinai School of Medicine, New York, NY; Hiibner et al., 2007). In 
brief, HIV-1 molecular clone NL4-3 was modified by Chen's group by stan- 
dard overlap extension PCR methods to insert a polylinker between the 
MA and CA domains of Gag. Then, the enhanced fluorescent protein 
GFP (Takara Bio Inc.) was amplified by PCR and inserted into the polylinker 
region. The resulting clone expresses an 8-amino acid repeat, SQNYPIVQ, 
flanking either side of the GFP. We used this construct to derive the HIV-1 
Gag-iGFP carrying an R5-tropic envelope with the V3-loop V92th0 14.12 
(Koppensteiner et al., 201 2). We also derived an env-defective version 
of the provirus, which does not express Env or Vpr and is referred to as 
HIV Gag-iGFP AEnv. pENTR KIF3A (GenBank/EMBL/DDBJ accession 
no. NM_007054. 1 ) has been purchase from GeneCopoeia. To construct 
KIF3A-iCherry, the cDNA for the mCherry fluorescent protein, flanked by 
linkers (amino acid sequence GGGGSGGGGSGGGGS), has been in- 
serted between the stalk and the cargo domain region of KIF3A (Fig. 7 A, 
see site of insertion). The resulting cDNA KIF3A-iCherry has been cloned 
with Gateway technology (Invitrogen) into pDEST DH1 , a modified version 
of pCDH 1 from System Bioscience in which the MCS has been replaced by 
a gateway cassette. 

Goat polyclonal antibodies anti-p24, mouse monoclonal antibodies 
anti-human CD8 1 (clone TS8 1 ), KIF1 5 and Tsg 101, and rabbit antibodies 
anti-human KIF3A (abl 1259) were purchased from Abeam. Rat anti- 
bodies specific for a-tubulin (AbD Serotec) as well as antibodies specific 
for Lampl (BD) and for actin (MP Biomedicals) were used according to 
the manufacturers' recommendations. Rabbit antibodies specific for mCherry 
were kindly provided by A. Marjou (Institut Curie, Paris, France). The fol- 
lowing reagents were obtained through the NIH AIDS Research and Refer- 
ence Reagent Program, Division of AIDS (National Institute of Allergy and 
Infectious Diseases, National Institutes of Health, Bethesda, MD): HIV-1 
gpl 20 monoclonal antibody (2G1 2, from H. Katinger [Institute of Applied 
Microbiology, Vienna, Austria]), and rabbit polyclonal antibodies specific 
for pi 7 as well as p55 (NIH AIDS reagents 481 1, from P. Spearman 
[Emory University, Atlanta, GA]). Secondary antibodies conjugated with 
Alexa Fluor 488 or 647 (Invitrogen), or Cy3 or Cy5 (Jackson Immuno- 
Research Laboratories) were used according to the manufacturers' instruc- 
tions. Nocodazole (Sigma-Aldrich) was dissolved in DMSO at a 10-mM 
stock concentration. M-CSF (EMD Millipore) was dissolved in ultrapure wa- 
ter at a 25-uM stock. 

Primary cells and cell lines 

PBMCs were purified from blood from healthy donors and monocytes 
were isolated by positive selection using CD14+ microbeads from Milt- 
enyi Biotec. Monocytes were differentiated for 7 d to macrophages by 
culture on nontreated culture plastic (Thermo Fisher Scientific) in RPMI 
1640 supplemented with 10% FCS (Gibco) and M-CSF (25 ug/ml final). 
Ghost, HEK293T, and TZM-BI cells were cultured in DME Glutamax. 
Both mediums were supplemented with 10% FCS (Gibco). 

CD4+ primary T cells were purified by negative selection of PBMC 
using the CD4+ T Cell Isolation kit II (Miltenyi Biotec). CD4+ cells were 
cultured in RPMI 1640 supplemented with 10% FCS (Gibco), 5 pg/ml 
PHA-L, and 20 U/ml IL-2 for 2 d, then resuspended in RPMI 10% FCS 
containing only IL-2. Cells were used for experiments on the fourth day 
after purification. 

Jurkat T cells clone 20 were kindly provided by O. Schwartz 
(Pasteur Institute, Paris, France) and were maintained in RPMI 1640 
supplemented with 10% FCS (Gibco). 

Virus preparations and infections 

The following virus strains have been produced and used in the present 
study: NL4-3 AD8 (NLAD8, R5-tropic), NL4-3 AEnv, HIV Gag-iGFP (R5-tropic, 



expressing GFP between MA and CA domains of Gag), and HIV Gag- 
iGFP AEnv (not expressing Env or Vpr). Viruses were produced by transfec- 
tion of the corresponding proviral cDNA in 293T cells (ATCC CRL-1 1268) 
by transfection with polyethylenimine. The plasmid pVSV-G (BD) was even- 
tually used for pseudotyping. Supernatants were harvested 48-72 h after 
transfection, and ultracentrifuged at 100,000 g for 90 min. Pellets were 
resuspended in 2% BSA in PBS. As described previously (Morner et al., 
1 999), virus preparations were titrated by infecting the Ghost reporter cell 
line and infectivity was measured 24 h after infection by measuring the 
percentage of GFP-positive cells by flow cytometry. 

Lentiviral vectors encoding either KIF3A-iCherry or the different 
shRNA (MISSION; Sigma-Aldrich) were produced by cotransfection of the 
VSV-G plasmid and the packaging psPax2 plasmid in 293T cells. 

NLAD8-infected macrophage samples were prepared for immuno- 
electron microscopy as described previously (Jouve et al., 2007). In brief, 
macrophages were fixed with 4% paraformaldehyde in 0.1 M phosphate 
buffer, pH 7.4. Ultrathin cryosections were collected with a mixture of 
2.3 M sucrose/methylcellulose. Single- or double-immunogold labeling 
on ultrathin cryosections was performed using protein A-gold conjugates 
(PAG) of indicated sizes. Macrophages were infected at a multiplicity of 
infection of 2 and kept in culture for the indicated times. 

Viral production and infectivity assays 

Measure of HIV p24 was performed using the Innotest HIV Ag mAb Screen- 
ing kit (InGen). Cell viability was evaluated using CellTiter Glo (Promega). 

For infectivity assays, virion-containing supernatants were normal- 
ized for equal amounts of p24 and infectious titers were determined using 
TZM-bl indicator cells as described previously (Martin-Serrano et al., 
2001). The TZM-bl cell line was generated from HeLa cells expressing 
CCR5 and CD4 by introducing separate integrated copies of the luciferase 
and (3-galactosidase genes under control of the HIV-1 promoter. In brief, 
the volume of supernatant equivalent to 2 ng of p24 was incubated with 
10,000 TZM-bl cells for 24 h. Then, luminescent detection of (3-galactosi- 
dase activity in the cell lysates was performed using the Gal-Screen kit 
(Applied Biosystems). 

Immunoblotting 

Cells were lysed in 0.5% NP-40 lysis buffer + 2 mM PMSF for 30 min on 
ice. Cell lysates were loaded on 4-12% Bis-Tris acrylamide gels (NuPAGE 
system; Invitrogen), transferred to a PVDF membrane, blocked, and immuno- 
blotted in PBS 0. 1 % Tween 20 and 5% milk. 

RNA interference 

The various siRNA and shRNA used in the present study are indicated 
in Tables SI and S2. Macrophages were transfected using Interferin 
(Polyplus). In brief, siRNA(100 nM final) were diluted in 250 ul of OptiMEM 
(Gibco) mixed with 5 ul of Interferin and left at room temperature for 1 5 min. 
Complexes were added drop-wise onto the macrophage culture. Cells 
were assayed 3 d later (Fig. 2 A). In all the experiments where macro- 
phages were silenced for KIF3A expression (Figs. 2, 3, and 5), we checked 
for the efficiency of the knockdown by immunoblotting. Chemiluminescence 
acquisition was performed using an imaging system (IAS-3000; Fujifilm) 
allowing estimation of the band intensities. Silencing efficiency expressed 
as percentage of KIF3A intensity divided by the tubulin intensity and nor- 
malized to control ranged from 55 to 95% with a 72.9% average. 

Immunostaining and microscope image acquisition 

Cells were either fixed in methanol at — 20°C for 5 s and incubated in 
0.2% BSA in PBS (Figs. 3 D; 4 [A-C]; SI [B and C]; S2 [A and B]; and S5 B) 
or fixed in 4% PFA for 15 min and permeablized in 0.05% saponin, 0.2% 
BSA in PBS (Figs. 1 [B and C]; and 5 A). Antibody staining and washes 
were performed in the same buffers, before mounting coverslips in DAPI 
Fluoromount G (SouthernBiotech). Samples were then imaged on a Ti in- 
verted microscope (Nikon) fitted with a confocal Al R system, using a 60x 
oil immersion objective, NA 1.4 (Figs. 1 [B and C]; 3 D; 4 A; 5 A; 
SI [B and C]; S2 [A and B]; S3 [A-C]; and S5 B). Confocal images were col- 
lected as snapshot or 3D stacks with a focal step size from 0.25 to 0.5 urn. 
Three-dimensional structured illumination microscopy (3D-SIM) was per- 
formed on an inverted Microscope (Eclipse Ti; Nikon) with a MCL Piezo 
stage and a 1 OOx oil immersion objective, NA 1 .49. Stacks were acquired 
every 0.1 urn (Fig. 4, B and Cj.The confocal and SIM microscopes were 
running with NIS Elements (Nikon) and were used for imaging of fixed 
samples at room temperature. 

NIS Elements, MetaMorph (Molecular Devices), and ImageJ (National 
Institutes of Health, Bethesda MD) softwares were used for image processing. 
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Figs. 1 B, 4 [B and C], 5, 7 B, and S3 A were 3D reconstructed using 
Imaris software x64 7.0 (Bitplane), based on fluorescence intensity of each 
channel. Background subtraction (Gaussian filter), thresholding, and iso- 
surfaces were performed on Figs. 4 C, 5, 7 B, and S3 A, based on individ- 
ual channel fluorescence intensity. 

Live imaging was performed on a Ti inverted microscope (Nikon) 
fitted with a video-rate confocal system consisting of a spinning disk con- 
focal head (Yokogawa Corporation of America). Cells were seeded 
in video chamber (MatTek Corporation) in cell culture medium. Videos were 
acquired at 37°C in a humid atmosphere with 5% CO2. Figs. 6 B, 
7 [A and B], and S5 D were imaged using a 1 OOx oil immersion objec- 
tive, NA 1 .4, with an HQ2 camera (Photometries) and the microscope 
was driven by MetaMorph software. 

Correlative light-electron microscopy 

Purified monocytes were plated with M-CSF on CELLocate coverslips 
(Eppendorf) that etched grids with coordinates, allowing the cell of interest 
to be found through all of the steps of the procedure. After 7 d, macro- 
phages were coinfected with HIV- 1 Gag-iGFP and KIF3A-iCherry lenti- 
vira I vector. Atd 7 after infection, cells were fixed in 2.5% glutaraldehyde 
in 0.2 M cacodylate buffer and imaged with a spinning disk confocal 
microscope. Then, coverslips were embedded in Epon and processed 
for electron microscopy (Jouve et al., 2007). 

Image quantification 

Quantification in Fig. 5 was performed as follows: macrophages from 
eight donors were infected with NLAD8 and transfected with either siLuc or 
siKIF3A as described in Fig. 2. Confocal planes were acquired for more 
than 1 00 cells per condition. Cells were 3D reconstructed and individually 
analyzed in a blind manner using Imaris x64 7.0 software. The low Gag 
fluorescence intensity was used to define the cell edges with a 1 -pm smooth- 
ing (Fig. 5 A, red) without background subtraction. Higher Gag fluores- 
cence intensity corresponding to the VCCs was detected and smoothed at 
0. 1 urn (Fig. 5 A, yellow). Cells with a volume under 1 ,000 urn 3 were not 
taken into account as well as VCCs under 0.050 pm 3 . Automated statistical 
analysis was run to measure for each condition the average VCC volume 
per cell (Fig. 5 B), the sum of Gag intensity into VCCs per cell (Fig. 5 C), 
the mean of Gag intensity into VCCs per cell (Fig. 5 D), and the average 
volume of a cell (Fig. 5 E). 

Spreading index in Fig. SI B was evaluated as follows: single con- 
focal planes of infected cells were acquired. Using ImageJ, vesicles were 
thresholded based on fluorescence intensity of the Gag staining and 
counted for each cell using the "analyze particles" tool with exclusion of 
small objects. The mask generated by the threshold was extended twice 
using the "dilate" tool of ImageJ and the number of vesicles was counted 
again. The spreading index corresponds to the number of vesicles counted 
after dilation divided by the number of vesicles counted before dilation. 

Online supplemental material 

Fig. SI shows that the distribution of Gag+ compartments depends on the 
integrity of the microtubule network. Fig. S2 shows that KIF3A but not 
KIF15 is associated with the VCCs. Fig. S3 shows that the kinesin KIF3A is 
associated with the VCC. Fig. S4 shows that KIF3A depletion does not 
affect MIP-1 (3 secretion by HIV-infected macrophages. Fig. S5 shows charac- 
terization of the KIF3A-iCherry construct. Video 1 shows an animation of a 
3D reconstruction of an HIV-l-infected macrophage stained for Gag pre- 
sented in Fig. 1 B. Video 2 shows dynamic of KIF3 A-iCh and GFP-tubulin 
in live RPE1 cells presented in Fig. S5 D. Videos 3 and 4 show dynamics 
of KIF3A-iCherry and HIV-1 Gag-iGFP in primary macrophages presented 
in Fig. 7, A and B. Online supplemental material is available at http:// 
www.jcb.org/cgi/content/full/jcb.201201 144/DC1 . 
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